We report, for the first time, the quantitative measurement of the local electric potential of brittle polyelectrolyte hydrogels using the microelectrode technique (MET). Given the solid-like nature of the hydrogels, the difficulty of applying MET is how to make a good contact of the microelectrode to the hydrogel. Poor local contact substantial underestimates the potential. We observed that, the potential measured decays exponentially with the increase of capillary diameter of the microelectrode.
Introduction

3
Polyelectrolytes are polymers carrying ionic and/or ionizable groups. Compared with neutral hydrogels, polyelectrolyte hydrogels have many unique properties, such as high water-absorbing capacity 1 , ion exchange ability 2 , ionic conductivity 3 , ion-strength sensitivity 4 , mechano-electrical effect 5 , and very low surface friction 6 .
Some of these properties are responsible for the functionalities of articular cartilage 7 , double network hydrogels 8 , electrochemical fuel cells 9 , drug release control 10 , etc. There is a large potential difference, known as the Donnan potential, between the gel and the bath solution. When a concentration difference is present between the gel and the solution, the mobile ions tend to migrate across gel-solution interface under the entropic driving force. The electrostatic interaction from the fixed ions, on the other hand, attracts the counter ions and repels the co-ions. While it is still electrically neutral deep inside the gel and in the solution, the competition between electrostatic interaction and ionic diffusion would result in an electric double layer at the interface.
The Donnan potential is a direct consequence of the interfacial double layer at thermodynamically equilibrium state, i.e. the Donnan equilibrium 11 . The Donnan equilibrium often generates a large ionic osmotic pressure which substantially swells 5 polyelectrolyte gels in water and low ionic strength solutions.
From the electrochemical equilibrium condition, the Donnan potential is related to the activity of mobile ions in the gel,  are potential of the gel and the bath solution, respectively, z is the valence of the mobile ion in consideration, R is the gas constant, T is the absolute temperature, and F is the Faraday constant. The activity of ions aion is related to the activity coefficient γion and the concentration Cion as aion=γionCion for each kind of ions.
Some experimental efforts have been made to investigate the Donnan potential of polyelectrolyte hydrogels. An indirect method is measuring the osmotic pressure of polyelectrolyte hydrogels, from which the difference of solute ion concentration across the gel-solution boundary is estimated and the electrical potential is calculated. 12 Another method is to measure the electric conductance of polyelectrolyte hydrogels, and then estimate the fraction of counter-ions according to the equivalent conductance of the counter-ion in pure solvent solution. 3 Fluorescent indicators were also used to detect proton concentration and therefore the electrical potential of acidic polyelectrolyte hydrogels. 13 However, these methods are indirect and only give the average charge density of hydrogels. On the other hand, the zeta potential measurements give only averaged information of charged surfaces, but not any direct information of the bulk hydrogels. 14 To map the spatial distribution of electric potential, electrode probes are a promising 6 technique. Electrode probes have been widely used to study the physical chemistry properties of polymer solution, such as pH 15 , impedance 16 , potentiometric titration 17 etc. With microelectrode, the electrodes have also been adopted to study the electric signals in and out of neuron and muscle cells. [18] [19] [20] [21] [22] [23] Naturally, Some studies have been performed to use the microelectrode technique (MET) to measure the 3D electric potential of polyelectrolyte hydrogels 5, [24] [25] [26] [27] [28] [29] [30] .
Different from the case of solution or semi-liquid cells 31 , when applying the MET to measure the potential of hydrogels, the major difficulty is to make a good contact of the microelectrode to the hydrogels. Giving the solid-like nature of the hydrogels that has a network mesh size in nano-scale, inserting of the microelectrode causes fracture of the materials, which might give a poor local contact of the electrode to the hydrogel, and therefore, lead to underestimation of the potential. Especially, in the case of a brittle polyelectrolyte hydrogel, sharp crack might be formed at the tip of the capillary electrode. Because of this reason, previous studies on hydrogel using microelectrode technique failure to obtain the potential quantitatively, especially in the case of brittle polyelectrolyte gels. 5, [26] [27] [28] [29] To apply MET for the accurate measurement of the electric potential distribution, a systematic study on the correlations between the potentials measured and the microelectrode geometry, the inserting speed, are needed, which is hardly done yet due to technical difficulties. 32 The objective of this study is to establish a microelectrode technique to quantitatively study the electrical potential of polyelectrolyte hydrogels. This paper is organized as 7 follows. First, we discuss the potential drop in the crack upon inserting of microelectrode and its effect on the potential measured; Then, we experimentally investigate the effects of the inserting speed of the microelectrode and the geometry of the capillary, including the diameter and wall thickness, on the measured electric potential of polyelectrolyte hydrogels. As a model system of polyelectrolyte hydrogels, chemically crosslinked poly (2-acrylamido-2-methylpropanesulfonic acid) (PAMPS)
hydrogel is used. After that, we compare the experiment observation with the theoretical Donnan potential values taking consideration of the counter-ion condensation effect 33 . Finally, we demonstrate the ability of the microelectrode method for the measurement of spatial distribution of electric potential by measuring the potential modulation of a multi-layer gel consisting of alternative stacking of oppositely charged polyelectrolyte gel layers. This MET method will provide a powerful tool to characterize the internal structure of polyelectrolyte gels in the swollen state directly without any structure labeling.
General consideration
Here we consider a negatively charged, brittle hydrogel immersed in salt solution as is small by a potential drop  ,
The potential drop  is determined by the minimum distance r of the conductive solution phase (KCl solution) of the electrode to the fractured gel surface. This contact distance depends on the geometry of the capillary and the crack. When the wall thickness of the capillary t is shorter than the crack length h, r =t, as shown in Thus, it is intuitive to consider that the condition for accurate potential measurement is that
Here D r is the Debye length in the crack.
Assuming linear elastic fracture mechanics, the crack length of a brittle gel h is related with the modulus E , the Poisson's ratio  , and the fracture energy  of the gel as (supporting information Scheme S1)
Therefore, h scales with the diameter d of the microelectrodes as
, and reducing of the capillary diameter d leads to a small crack length. Furthermore, the impact of volume exclusion by the inserting of the microelectrode, which perturbs the potential distribution, will also decrease with the decrease of the capillary diameter.
On the other hand, as will be shown later experimentally, the capillary wall thickness t decreases linearly with the decrease of the capillary diameter d. Therefore, decreasing of the capillary diameter will increase the accurate of potential measurement. :
The electrically neutral condition of the gel gives which is 4 orders lower in magnitude than the salt concentration in the bath solution.
As the co-ion concentration is negligible, the Debye length of the cracked gel surface is determined by ion concentration of water. For common water, it has a pH=6. as-prepared PAMPS hydrogels were immersed in deionized water and the immersion water was changed every day for more than one week to for the complete removal of the residual monomers or initiators. After that, the swollen PAMPS hydrogels of 3~5 mm thickness were immersed in KCl solutions of prescribed concentration for at least 2 days to reach equilibrium. The PAMPS gels were coded as PAMPS-CMBAA, where 13 CMBAA was the crosslinking density in mol% in relative to the AMPS monomer concentration in preparation.
The swelling ratio was calculated by the volume change as Table 2 . The experimental setup for electrical potential measurement of gels is shown in 
Preparation of working electrode
The working electrodes were prepared by inserting a reversible silver/silver chloride electrode (Ag/AgCl) into a glass micropipette with a tip diameter < 1 µm. Then, the 
Potential measurement of PAMPS hydrogels
Unless specifically mentioned, the electric potential was measured by using the single electrode as WE. All the measurements were performed at 25°C. For 3 M KCl filled microelectrodes in 10 -5 M KCl solution, the junction potential was usually within 5 mV. 22 For the 7-barrel electrode, each single microelectrode serves as a WE, and potential of 17 hydrogels was detected separately by 7-barrel electrode in each channel.
Scheme 4 shows the illustration to obtain the depth profile of the electric potential of the gel. With inserting of the microelectrode (WE) to the negatively charged PAMPS gel at a steady speed (Scheme 4 (a) ), the potential difference between the WE and RE abruptly drops from zero to a stable negative value with the time (Scheme 4 (b) ).
Conversely, when the microelectrode is withdrawn from the hydrogel at a much quick speed, the negative potential vanishes to zero value instantly (Scheme 4 (b) ). Results and discussion In order to verify if the leakage of KCl solution from the microelectrode occurred and reduced the measured potential value, we also observed the time profile of the potential at a fixed penetration depth of 100 μm. We found that within 80 s, there is no change or decay in the potential, indicating that leakage effect could be neglected during measurement (supporting information Fig. S4 ). /s, 36 the characteristic swelling time 37 of a 100 μm thin gel is~10 s . The insertion process is slow enough that a local equilibrium is attained (it will take~253 s to reach a 100 μm depth for microelectrode). Therefore, the observed potential is independent of the inserting speed. In the following experiment, the inserting velocity was fixed at 395 nm/s unless otherwise specified.
Potential profile
Effect of microelectrode insertion velocity
Effect of microelectrode diameter
Previous discussion has shown that the accuracy of the electric potential measured is related to the shortest distance of the electric probe to the fractured gel surface r, which is determined by . S5 (a) ). The microelectrode wall thickness t was found to be linearly proportional to the diameter d (supporting information Fig. S5 (b) ),
This correlation is due to the equal pulling deformation of the electrode during preparation. Although we could not directly measure the value of h, the d dependence of measured potential will tell us which parameter, h or t, determines the shortest distance between the electrode probe and the gel surface r. (Table 1) . Fig. 3 (a) shows the potential of a PAMPS-4 gel equilibrated in a 10 approaches to a constant value at d < 400 nm. As shown in Fig. 3 (b) , the plot of
shows a linear correlation. This result suggests that the shortest distance of the electric probe to the fractured gel surface r is related to the microelectrode wall thickness t, not the crack length h, since t is related to d linearly while h scales with d as
. So we replot the potential data against t, which also shows a straight line, as shown in Fig. 3 (c) . That is, the measured potential and wall thickness is experimentally related by
Here, 0  is the extrapolated potential on the surface of the gel, D l is a decay length. To further confirm that the wall thickness t determines the measured potential, we adopt a 7-barrel electrode to measure the potential of a PAMPS-4 gel equilibrated in 10 -3 M KCl solution. As shown in Fig. 4 (a) , the 7-barrel electrode contains one central electrode with six hexagonally arranged side electrodes. The outer diameter and wall thickness of each electrode is d~180 nm and t~40 nm, respectively.
Although the shortest distance of the central electrode wall to the fractured surface is 220 nm, the effective wall thickness or distance is 40 nm × 3 =120 nm, considering the electric conductive property of the KCl solution in the side electrodes. The 24 potential measurement was carried out at each channel separately, and the averaged potential value over 6 side electrodes and the potential of the central electrode were shown in Fig. 4 (b) . The absolute potential of the central electrode is found to be lower than that of the side electrodes.
We also plot the potential data of the PAMPS-4 gel measured by 7-barrel electrode equilibrated in 10 -3 M KCl against the effective wall to the fractured gel surface, in Fig. 3 (c) . An exponential correlation between the potential and the effective wall thickness is also observed, confirming that the wall thickness t determines the potential result. (Table   1) .
As a summary, the potential measured is related to the wall thickness of the capillary.
This is considered as a feature of the brittle gel that forms a large crack length. For ductile gels, however, the fracture geometry at the crack tip is very different and should be studied separately in future.
Quantitative comparison of the observation with the theory
What is the physical meaning of the potential 0  thus measured? The most 25 reasonable answer is that 0  is the Donnan potential. To justify this answer, we measured the potential of gels with different charge concentration (Table 2 ). For simplicity, we adopt microelectrode of small diameter (d~190 nm) for the measurement and the potential thus measured is adopted as ϕ0. This is because Fig. 3 (a) tells that the potential measured by the microelectrode of diameter less than d=400 nm is approximately equal to ϕ0. As shown in Fig. 5 , the potential of the PAMPS hydrogels linearly decreases with increase of charge concentration, AMPS C , in a semi-log plot. ). The Donnan potential theoretically calculated using these activity coefficients is also shown in Fig. 5 . We found that the observed potential values are very close to the theoretical prediction, indicating that the potential 0  measured corresponds to the Donnan potential. Thus, using a microelectrode of less than 200 nm in diameter, Donnan potential of polyelectrolyte gels are able to be measured accurately.
Potential profile of multi-layers of negative/positive hydrogels
Since this microelectrode technique gives depth profile of electric potential, it is able 27 to accurately study the spatial distribution of potential. To demonstrate this, we constructed a multi-layer gel consisting of alternative stacking of two oppositely charged hydrogels, negatively charged PAMPS and positively charged PDMAEA-Q ( Fig. 6 (a) ). These unit layers are adhered spontaneously together by electrostatic interaction. The depth profile of potential of this sample equilibrated in 10 -5 M KCl solution is shown in Fig. 6 (b) . The PAMPS gel layers and the PDMAEA-Q gel layers
show potential of -189~-191 mV and 150~166 mV, respectively. From the potential profile, the thickness of each layer can be accurately determined by this measurement, about 163~165 μm and 163~173 μm for PAMPS and PDMAEA-Q gels, respectively. 
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At the boundary, the two oppositely charged layers form polyion complex to give a neutral layer of mesh size thickness. This is equivalent to the case that a neutral nano-gel layer is sandwiched by two oppositely charged gel layers. The transition length at the boundary between oppositely charged layers can be determined precisely from the depth profile of potential. As a typical example, Fig. 6 (c) shows an enlarged depth profile between layer 3 and layer 4. The transition length δ was found much larger than the mesh size of the gel network, and almost the same for inserting from negative to positive layers (δ1/2=1.08 μm, δ3/4=1.35 μm) and from the positive to negative layers (δ2/3=1.58 μm). This result suggests that transition length observed is truly a structural property of the gel, not related to measurement. As both the PAMPS layer and the PDMAEA-Q layer have a Debye length of about D r =633 nm (Table 1) , it is reasonable to consider that the transition length is the summation of the Debye length of the two layers, that is δ =2 D r . The result demonstrates the excellent ability of the microelectrode technique to measure the spatial distribution of electric potential.
Conclusions
The potential of a brittle polyelectrolyte hydrogel is measured by the microelectrode MET can accurately detect the depth profile of potential of hydrogels from surface to bulk. It provides a powerful tool to characterize the heterogeneous hydrogel systems, such as interface of polyelectrolyte multi-layers, gradient membranes, and internal fracture-induced structure changes of double network (DN) hydrogels, which will be reported by separate works.
